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Abstract
A hygroscopicity tandem diﬀerential mobility analyzer (HTDMA) was used to measure
the water uptake (hygroscopicity) of secondary organic aerosol (SOA) formed during
the chemical and photochemical oxidation of several organic precursors in a smog
chamber. Electron ionization mass spectra of the non-refractory submicron aerosol 5
were simultaneously determined with an aerosol mass spectrometer (AMS), and cor-
relations between the two diﬀerent signals were investigated. SOA hygroscopicity was
found to strongly correlate with the relative abundance of the ion signal m/z 44 ex-
pressed as a fraction of total organic signal (f44). m/z 44 is due mostly to the ion
fragment CO
+
2 for all types of SOA systems studied, and has been previously shown to 10
strongly correlate with organic O/C for ambient and chamber OA. The analysis was also
performed on ambient OA from two ﬁeld experiments at the remote site Jungfraujoch,
and the megacity Mexico City, where similar results were found. A simple empirical
linear relation between the hygroscopicity of OA at subsaturated RH, as given by the
hygroscopic growth factor (GF) or “κorg” parameter, and f44 was determined and is 15
given by κorg=2.2×f44−0.13. This approximation can be further veriﬁed and reﬁned
as the database for AMS and HTDMA measurements is constantly being expanded
around the world. The use of this approximation could introduce an important simpli-
ﬁcation in the parameterization of hygroscopicity of OA in atmospheric models, since
f44 is correlated with the photochemical age of an air mass. 20
1 Introduction
The hygroscopic growth of atmospheric aerosol particles plays an important role in
numerous atmospheric processes such as climate forcing, visibility degradation, cloud
formation and heterogeneous chemistry. Atmospheric aerosol components can be
classiﬁed into inorganic and organic fractions. Organic material, habitually referred to 25
as organic aerosol (OA), often represents more than half of the mass for submicron
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particles (Jimenez et al., 2009). A substantial fraction of that is secondary OA (SOA)
which is formed from chemical reactions of gaseous compounds (Zhang et al., 2007a).
The hygroscopic properties of most inorganic salts present in atmospheric aerosol are
well known. In contrast, OA is composed of thousands of individual species (Goldstein
and Galbally, 2007). Of these, the hygroscopic properties have been investigated only 5
for very few substances. Diﬀerent approaches are used to determine the inﬂuence
of OA on the hygroscopic behavior of ambient aerosol under subsaturated relative
humidity (RH) conditions. Previous laboratory studies, investigating the hygroscopic
properties of organic model substances, have mostly focused on pure and mixed low
molecular weight organic acids such as carboxylic acids, dicarboxylic acids, and mul- 10
tifunctional organic acids or their salts (Peng et al., 2001; Choi and Chan, 2002b),
as well as on their mixtures with inorganic salts (Cruz and Pandis, 2000; Choi and
Chan, 2002a; H¨ ameri et al., 2002). Theoretical models for the prediction of the hy-
groscopic growth of mixed organic and mixed inorganic/organic aerosols were recently
introduced by several investigators (Clegg et al., 2001; Topping et al., 2005b). Treat- 15
ing individual compounds at the molecular level requires binary aqueous data for each
compound (Saxena and Hildemann, 1997). The problem of characterizing activity co-
eﬃcients in multiple-component organic solutions has been described previously and
methods have been developed, the most widely used being UNIFAC (Fredenslund et
al., 1975). Though UNIFAC has been noted to have various shortcomings (e.g., Choi 20
and Chan, 2002b; Cruz and Pandis, 2000), numerous attempts to improve its predictive
capability for components of atmospheric importance have been made. The diﬃculty
in using these models to predict the hygroscopicity of a mixed organic aerosol (such as
ambient organic aerosol) is that detailed input is required (e.g., the abundance of func-
tional groups and the molecular weight of the organic components). Data of this kind 25
are typically not available, nor is this information predicted by large scale atmospheric
models.
The hygroscopic properties of SOA obtained by oxidation of anthropogenic and bio-
genic volatile organic precursors like aromatics or terpenes in smog chambers have
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also been investigated (Virkkula et al., 1999; Varutbangkul et al., 2006; Duplissy et
al., 2008). Varutbangkul et al. (2006) showed that the SOA hygroscopicity is inversely
proportional to the precursor molecular weight and SOA yield. Duplissy et al. (2008)
showed that at higher precursor concentration (resulting in a higher SOA yield) the
hygroscopicity of the SOA is lower. They proposed that at higher concentration more 5
volatile (and less oxidized) products partition into the particle phase, leading to a de-
crease of the hygroscopicity of the particle. In ﬁeld studies, Gysel et al. (2007) and
Sjogren et al. (2008) estimated the average hygroscopicity of bulk OA from ambient
aerosol hygroscopicity. Cubison et al. (2006) reported, but did not quantify, an increase
of the hygroscopicity of ambient aerosol when the OA became more oxidized. 10
Jimenez et al. (2009) have recently published a relationship between OA chemical
composition and hygroscopicity. Here, this relationship as well as the underlying ex-
periments are described in more detail and complemented by further experiments. We
measured the water uptake of aerosol particles at subsaturated RH with a hygroscop-
icity tandem diﬀerential mobility analyzer (HTDMA) (Liu et al., 1978). Parallel measure- 15
ments of the time and mass-weighted chemical composition of non-refractory submi-
cron aerosol (including sulfate, nitrate, ammonium and OA) were performed with an
aerosol mass spectrometer (AMS). The hygroscopic growth of OA was either directly
determined for pure OA or, for mixtures of organic and inorganic aerosol, deduced from
the hygroscopic growth measurements with the Zdanovskii-Stokes-Robinson (ZSR) re- 20
lation (Stokes and Robinson, 1966) using the chemical composition obtained from the
AMS (Gysel et al., 2007).
2 Experimental
2.1 Smog chamber experiments
The experiments were performed in the PSI smog chamber (Paulsen et al., 2005). 25
The PSI smog chamber is a 27-m
3 transparent Teﬂon® (FEP) bag suspended in
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a temperature-controlled housing. The radiation was generated by four xenon arc
lamps (4kW each) selected to simulate the solar light spectrum and natural pho-
tochemistry. Before introduction of the precursors the chamber was humidiﬁed to
50% relative humidity. SOA was produced from three diﬀerent precursors: 1,3,5-
trimethylbenzene (TMB), α-pinene and isoprene. Two diﬀerent sets of experiments 5
were performed; 1) traditional photo-oxidation experiments and 2) ozonolysis of α-
pinene followed by oxidative ageing of the reaction mixture with OH radicals. The
experimental conditions are summarized in Table 1.
1. In the traditional photo-oxidation experiments an organic precursor and nitrogen
oxides (ratio of 2 to 1) were introduced into the chamber and allowed to mix for 10
approximately 30min before the lights were turned on. The reaction of OH with
TMB leads to formation of RO2 radicals, which rapidly convert NO to NO2. Ozone
is formed from the photolysis of NO2, and its concentration increases rapidly after
NO concentration has dropped.In the case of α-pinene and isoprene the reaction
of ozone also plays a role once the ozone concentration becomes high enough. 15
In all these experiments the organic precursor did not react completely away.
Thus, besides oxidative ageing of SOA ﬁrst-generation oxidation products of the
precursor were always condensing on SOA.
2. In the Ozonolysis and ageing experiments Ozone (200–500ppb) was ﬁrst added
to the humidiﬁed chamber. Then α-pinene at a concentration of 10 or 40ppb 20
was introduced. After all α-pinene had reacted away by ozone, the reaction mix-
ture was further oxidized by OH radicals in two diﬀerent ways, called dark OH or
OH+light. For the dark OH, ozone was added to obtain about 500–700ppb in
the chamber. Then tetramethylethylene was continuously ﬂushed into the cham-
ber where it reacts with ozone and produces OH radicals in high yields. For the 25
OH+light, HONO was ﬂushed into the chamber until it reached approximately
10ppb. Then lights were turned on and photolysis of HONO produced OH radi-
cals. HONO was continuously replenished to keep a semi-constant OH source.
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2.2 Field measurements
Field measurements were performed at the high-alpine site Jungfraujoch, Switzerland
and in Mexico City.
The Jungfraujoch is a European high-alpine background site located on an ex-
posed mountain ridge in the Bernese Alps, Switzerland, at 3580m altitude (46.33
◦ N, 5
7.59
◦ E). Within the World Meteorological Organization (WMO) Global Atmosphere
Watch (GAW) program continuous measurements of aerosol parameters have been
performed at the JFJ site since 1995 (Collaud Coen et al., 2007). The station is sur-
rounded by glaciers and rocks, and no local vegetation is present. Hygroscopicity
measurements have been performed during the Cloud and Aerosol Characterization 10
Experiment (CLACE3) (Sjogren et al., 2008).
The measurements in Mexico City were part of the Megacity Initiative: Local and
Global Research Observations (MILAGRO) and took place in and around Mexico City
during March 2006. The MILAGRO campaign was designed to study the chemical
characterization and transformation of pollutants from the Mexico City urban area to 15
regional and global scales. A high resolution time-of-ﬂight aerosol mass spectrometer
(HR-ToF-AMS) and an HTDMA were deployed on an aircraft platform onboard the
National Science Foundation/National Center for Atmospheric Research (NSF/NCAR)
C-130 aircraft. Details on the deployment and results for the campaign are found in
DeCarlo et al. (2008, 2010). 20
2.3 HTDMA
The hygroscopic properties of the various aerosol types were measured with a HT-
DMA. Brieﬂy, a HTDMA functions as follows: a diﬀerential mobility analyzer selects
a monodisperse aerosol size cut with mobility diameter, D0, under dry conditions. The
aerosol then passes through a humidiﬁer with a controlled higher RH, and the size 25
distribution over mobility diameter D(RH) is measured with a second DMA coupled to
a condensation particle counter (CPC). The hygroscopic growth factor (GF(RH)) indi-
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cates the relative increase in mobility diameter of particles due to water absorption at
a certain RH, and is deﬁned as:
GF(RH)=
D(RH)
D0
(1)
In this study three diﬀerent custom built HTDMAs were used. Speciﬁc details of
HTDMA1, HTDMA2 and HTDMA3 can be found in Duplissy et al. (2008, 2009), Gas- 5
parini et al. (2004) and Sjogren et al. (2008), respectively. The residence times of the
aerosol in the humidiﬁer, the chosen RH and the operating temperature were (15s,
95%, 20
◦C), (10s, 85%, 40
◦C) and (20s, 85%, 25
◦C) correspondingly.
2.4 Aerosol mass spectrometer
An Aerodyne quadrupole Q-AMS was used during type 1 chamber studies and at the 10
Jungfraujoch to provide on-line, quantitative measurements of the size distributed non-
refractory chemical composition of the submicron ambient aerosol at a high temporal
resolution. An HR-ToF-AMS (DeCarlo et al., 2006) was deployed on the NCAR C-130
aircraft and type 2 chamber studies. More detailed descriptions of the AMS measure-
ment principles and various calibrations (Canagaratna et al., 2007), its modes of oper- 15
ation (DeCarlo et al., 2006) and data processing and analysis are available elsewhere.
The AMS provides the concentrations of inorganic ions, i.e. sulfate, nitrate, ammonium,
and fragment ions associated with OA. In addition, the OA mass spectra provide further
information on the aerosol. Several mass-to-charge ratios, speciﬁcally, m/z 44, m/z 57,
and m/z 60 have been proposed as markers for oxygenated species, hydrocarbon-like 20
(mostly urban combustion), and wood burning OA, respectively (Canagaratna et al.,
2007; Alfarra et al., 2007). For the correlation analysis with particle hygroscopicity we
use in the following the ratio of speciﬁc AMS OA mass fragments to total OA mass (fx,
with x being any integer m/z). As an example, for m/z 44 this abundance is deﬁned as
f44 =
m/z 44
Total organic mass
(2) 25
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3 Theory and data analysis
3.1 The growth factor GF
As shown in equation 1, the GF is associated with a certain RH. The water activity, aw,
of a solution is deﬁned as the equilibrium RH over a ﬂat surface of this solution (i.e.,
in the absence of the Kelvin eﬀect). The K¨ ohler equation, RH=awSk, describes the 5
equilibrium RH for a solution droplet, where Sk is the Kelvin factor deﬁned as follow:
Sk =exp
 
4Mwσsol
RTρwDp
!
(3)
where Mw is the molar mass of water, ρw is the density of water, σsol is the surface
tension of the solution, R is the ideal gas constant, T is the temperature and Dp is the
wet diameter. In this study we used the surface tension of water for σsol. To compare 10
GF values measured at diﬀerent aw, we used the semi-empirical model described in
Petters and Kreidenweis (2007), where GF and aw of a particle are related as follows:
GF(aw)=

1+κ
aw
1−aw
1/3
(4)
where the hygroscopicity parameter κ captures all solute properties (such as the num-
ber of dissociated ions per molecule and the molal osmotic coeﬃcient). Figure 1 shows 15
the inﬂuence of κ on the relationship between the growth factor (GF) and the water ac-
tivity (aw). More details about the theoretical background of the functionality of Eq. (4)
are given in Kreidenweis et al. (2005) and Petters and Kreidenweis (2007).
3.2 Retrieval of organic GF (GForg) from an internally and externally mixed
aerosol 20
The hygroscopic growth factor of OA was directly measured in the pure SOA smog
chamber experiments. However, the hygroscopicity of the organic fraction in ambient
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aerosol has to be deduced from the GF of the mixture (GFmixed). The GFmixed can be
estimated from the growth factors of the individual components of the aerosol and their
respective volume fractions, ε, with the ZSR relation (Meyer et al., 2009):
GFmixed =
 
X
i
εiGF
3
i
!1/3
(5)
with the summation performed over all compounds present in the particles. Solute- 5
solute interactions are neglected in this model and volume additivity is also assumed.
The concentrations of ammonium (NH
+
4), sulfate (SO
2−
4 ), nitrate (NO
−
3), and OA dur-
ing these two ﬁeld campaigns were obtained from the AMS measurements. In both
campaigns, the aerosol was mostly neutralized with ammonium. The pairing of the in-
organic ions, which is required for the ZSR relation, is unambiguous for aerosols neu- 10
tralized by a single cation. However, occasionally the measured ammonium concentra-
tion was insuﬃcient to fully neutralize the sulfate, thus indicating an acidic aerosol. In
such cases the ion-pairing becomes ambiguous and therefore an adequate ion-pairing
scheme must be applied. We excluded such periods and used the simpliﬁed ion-pairing
scheme presented by Gysel et al. (2007), which has a direct analytical solution and de- 15
viations of corresponding ZSR predictions from full thermodynamic models are minor
for the relevant inorganic mixtures. Bulk growth factors of pure inorganic salts were ob-
tained from the Aerosol Diameter Dependent Equilibrium Model (ADDEM; Topping et
al., 2005a) (Table 2). Densities used to convert mass fractions measured by the AMS
into volume fractions required for the ZSR relation (Eq. 5) are also provided in Table 2. 20
The growth factor of OA (the only unknown variable of Eq. 5) can then be calculated
from the AMS (providing ε) and HTDMA (providing GFmixed) data.
When several growth factors were measured simultaneously (which occurred in Mex-
ico data) due to external mixture of the aerosol, an average GF was then calculated
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using the following equation:
GF=
 
X
i
niGF
3
i
!1/3
(6)
where ni is the number fraction of particles having the growth factor GFi. An important
source of uncertainty for the retrieved GForg is the organic density used. For ambi-
ent organic aerosol the densities reported in literature vary from 1200 to 1700kg/m
3
5
(Hallquist et al., 2009). As shown in Fig. 2, the GForg uncertainty increases strongly as
the OA volume fraction (εorg) decreases, since it is increasingly being determined as
the diﬀerence of two large numbers in Eq. (5). The GForg uncertainty also increases
as the OA hygroscopicity decreases, since the size of the εorgGForg term in Eq. (5)
is becoming smaller relative to the inorganic and total terms. Therefore, to keep the 10
uncertainty low, we restricted our data to εorg higher than 80% in the case of non hy-
groscopic organic (GForg (RH=85%)=1) and 25% for very hygroscopic organic (GForg
(85%)=1.3). To keep a low εorg uncertainty, AMS data with a mass loading of OA less
than 2µg/m
3 were excluded. The non-refractory materials (like black carbon and min-
eral dust) which are not measured by the AMS add additional uncertainty to the ﬁeld 15
data. These materials are typically non-hygroscopic and therefore the derived GForg
can be underestimated. From GForg, the hygroscopicity parameter for OA, κorg was
determined using Eq. (4).
3.3 Statistical method for correlation analysis
The forward screening method is used to evaluate the correlation of AMS data with κ. 20
A thorough description of this method is given in Wilks (2006). Brieﬂy, in a ﬁrst
step, the linear correlation coeﬃcient of κ with each fx is calculated and the fx yielding
the highest value is kept for the next step. In the second step, a tri-linear regression
analysis with κ and the fx selected from the ﬁrst step and with each remaining fx is
performed (i.e., κ=a×f1ststep+b×fx+c). The fx yielding the best prediction of κ is then 25
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kept with the previous one for the next step. The method is stopped when there is no
more signiﬁcant improvement of R
2 (∆R
2<0.05) when adding another fx.
4 Results and discussion
4.1 Smog chamber data
In the smog chamber experiments, the SOA GF was measured with HTDMA1. The 5
dry diameter was adjusted according to the number mode of the aerosol during its
growth. Figure 3 shows the typical time trends during a photo-oxidation experiment
with TMB (experiment 1 in Table 1). Both the hygroscopicity of the SOA (expressed as
κorg and GF(aw=0.95)) and f44 increase during the course of the experiment, i.e. with
increasing integrated oxidant exposure. A similar trend of κorg and f44 was measured 10
for SOA formed from α-pinene (Duplissy et al., 2008) as well as from isoprene.
For each chamber experiment f44 showed the highest linear correlation of any fx with
κorg, (with R
2>0.92 and signiﬁcance α=0 excluding Exp. 5 where κorg and f44 were
not measured simultaneously, see Table 1). By comparison, no other fx was found
to correlate with κorg with R
2>0.64. Figure 4 shows the correlation coeﬃcient of the 15
estimated κorg versus the diﬀerent fx for the three diﬀerent precursors. Both correlation
(R>0) and anti-correlation (R<0) are observed. Speciﬁc fx (like for example f55) can
either correlate or anti-correlate with κorg depending on the precursor. In addition, the R
between κ and each fx for all smog chamber data (all precursors together) is shown in
Fig. 5. With all experiments combined together, a correlation analysis of the calculated 20
κorg and fx has been performed using the screening regression method and using f30,
f44 and f46 (as suggested by Fig. 5) as three diﬀerent initial ﬁrst steps. In doing so, these
three analyses suggest that f30, f44, f46 and f55 are the four parameters which should
be used to make a multiple linear regression with κorg (see Fig. 6). It should be noted
that m/z 30 and 46 for laboratory data are assumed to be due to OA, even if the signals 25
arise mainly from NO
+ and NO
+
2. This assumption is not valid for ambient data where
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m/z 30 and 46 are typically dominated by inorganic ammonium nitrate (Zhang et al.,
2007b), and as such these signals are not dominated by variations in the composition
of the OA.
From a chemical point of view f43 also has a strong correlation with GF (f43>15%)
from SOA generated in smog chambers and could be also considered as an additional 5
parameter to improve the correlation. For the full data set, adding f43 to f44 improves
the correlation with κorg (R
2 increases from 0.8 to 0.9). However, ambient aerosol
contains not only SOA but also a substantial contribution from primary OA (POA), and
both m/z 43 and m/z 55 are prominent in reduced POA mass spectra (typically from the
ions C3H
+
7 and C4H
+
7, respectively) (Lanz et al., 2007; Canagaratna et al., 2004; Zhang 10
et al., 2005), besides being components of the SOA mass spectra (typically the ions
C2H3O
+ and C3H3O
+, respectively) (Alfarra et al., 2006). Due to the diﬀerent sources
of m/z 43 and m/z 55, and the diﬀering hygroscopic properties of OA associated with
these sources, ambient datasets are less suitable than chamber data for ﬁtting κorg
with these m/z. m/z 44 is mainly associated with the CO
+
2 ion fragment, and data from 15
the HR-ToF-AMS indicate that there is only a minor contribution from C2H4O
+ in SOA
as well as in ambient air (Mohr et al., 2009). Therefore, due to these interferences on
ambient OA measurements, only f44 can be used here in both lab and ﬁeld data as
a proxy for κorg.
The correlation between κorg and f44 is shown in Fig. 7 and is also found in ﬁeld 20
experiments (see below). It is likely explained by the fact that m/z 44 is a major frag-
ment of highly oxidized organic species such as organic di-acids, poly-acids, oxo-acids,
hydroxy-acids, and acyl peroxides (Aiken et al., 2007, 2008), and is also highly corre-
lated with the bulk atomic O/C ratio of the OA (Aiken et al., 2007, 2008), which is given
as a secondary x-axis in Fig. 7. These functional groups are expected to have a rather 25
high hygroscopicity. Plotting f44 versus κorg the data lies on the same line for α-pinene
and isoprene SOA, while data from TMB SOA are shifted to higher κorg for the same
f44 (Fig. 7). This result may be due to the fact that in SOA from TMB photooxidation,
the acids present in the aerosol are mainly monoacids (>90%), while the acids found
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in the SOA from α-pinene or isoprene photooxidation are approximately half mono-
and half di-acids (G¨ aggeler, 2008). Alfarra (2004) using pure standards showed that
the signal response of m/z 44 per organic acid group is lower for mono-acids than for
diacids (Fig. 8). This is consistent with the oﬀset observed here in Fig. 7 between TMB
and biogenic precursors. Additionally, Baltensperger et al. (2005) have shown that the 5
average SOA molecular weight is higher for TMB photooxidation than α-pinene pho-
tooxidation. This would also lower the bulk hygroscopicity of SOA from TMB compared
to the one of α-pinene for the same f44.
4.2 Ambient data
The aerosol at the Jungfraujoch shows an annual cycle with highest mass concentra- 10
tions in July to August and minimum concentrations in January to February. The OA
fraction is higher during the summer season (e.g., Cozic et al., 2008). Periods with OA
concentrations higher than 2µg/m
3 and a volume fraction of OA higher than 80% were
only found during the summer CLACE3 campaign, and therefore only data from this
period are shown. The restriction of the data set to these mass loadings and volume 15
fractions is based on the uncertainties to calculate GForg as described above. 3-h aver-
ages were calculated as a compromise between counting statistics and time resolution.
HTDMA2 measured the hygroscopic properties of particles with D0=100nm. The AMS
composition data were integrated over a narrow size range from 88–196nm vacuum
aerodynamic diameter, which corresponds to a volume-equivalent diameter of 100nm 20
(56–125nm) as described in Sjogren et al. (2008) and using the framework detailed in
DeCarlo et al. (2004).
A large fraction of the OA in Mexico City is oxidized, with an oxygen-to-carbon atomic
ratio (O/C) that increases with distance from the city approaching a ratio of 0.9 away
from the basin indicating photochemical ageing of OA (DeCarlo et al., 2008; Aiken et 25
al., 2008). The NCAR-NSF C-130 performed 12 research ﬂights (RFs) during the MI-
LAGRO campaign. Measurements in the aircraft constrain the BC and dust fractions
to be small, of the order of a few percent of the total submicron mass (DeCarlo et al.,
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2008). Data reported here are from RFs 3 and 12 (10 and 29 March 2006, respec-
tively) and both had city and regional components in their ﬂight tracks (DeCarlo et al.,
2008, 2010). The OA contained important inﬂuences from urban POA, anthropogenic
SOA, and biomass burning POA and SOA (DeCarlo et al., 2010). The aerosol mass
distribution was dominated by larger particles (Dva>200nm). Therefore, all AMS data 5
were integrated (no size distinction) and GFs only from larger particles (Dm=200nm
and 300nm) measured by HTDMA3 were analyzed assuming the same bulk chemi-
cal composition. A limitation of aircraft measurements is that air masses can change
rapidly, often within an HTDMA measurement cycle. Therefore care was taken to in-
clude only data where the aerosol mass and composition were stable during an HT- 10
DMA3 scan. This was determined using the AMS data (12s resolution), and data with
a variation of either the f44 or the organic to inorganic ratio higher than 10% during the
hygroscopicity measurement were excluded.
For each period with a valid calculation of GForg and corresponding κorg, f44 was
extracted from the AMS measurements. Ambient data are also presented in Fig. 7. It 15
is obvious from this Figure that κorg and f44 show a strong and consistent dependence
and that κorg may be approximated from f44 according to the equation
κorg =a×f44+b (7)
The parameters a, b are given in Table 3 for this relationship for TMB, α-pinene and
isoprene as well as the ambient data separately. Smog chamber data from both bio- 20
genic precursors and ﬁeld data at both locations show a consistent relationship be-
tween f44 and κorg within the uncertainties. The slope for TMB is similar to the other
results but there is an oﬀset as explained above. Recently Raatikainen et al. (2010)
reported growth factors of 1.0 and 1.29 at 88% RH for 50-nm particles (corresponding
to κorg of 0 and 0.2, respectively) at f44 of 0.04 and 0.17, respectively. Both values 25
are in good agreement with our data and also support our observation that OA with
f44<0.06 seems to be eﬀectively non-hygroscopic. In addition, Chang et al. (2009)
reported a similar relationship for κorg derived from measurements done at supersatu-
rated conditions (κorg=(0.30±0.05)×(O/C)) which is also shown in Fig. 7. This result
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is in agreement with our TMB data in the range f44 0.06–0.10and with our ﬁeld and
chamber data around f44 0.10–0.14. Chang et al. (2009) extrapolated their data to
κorg=0, which seems not to be justiﬁed for that study. At higher f44 (greater than 0.14)
the data of Chang et al. (2009) and Raatikainen et al. (2010) tend to be lower than our
extrapolations. Further experiments are needed to constrain the relationship above this 5
value.
5 Conclusions
A simplifying approximation, such as the one proposed here, could introduce an im-
portant improvement in the parameterization of hygroscopicity in atmospheric models,
since f44 is signiﬁcantly correlated with the photochemical age of the air mass (De- 10
Carlo et al., 2008; Aiken et al., 2008) and the database for such AMS measurements
is constantly being expanded around the world (Jimenez et al., 2009). We recommend
testing the general applicability of Eq. (7) with more ambient and chamber measure-
ments, including a variety of diﬀerent POA sources (e.g., diesel exhaust and biomass
burning OA, fresh and aged), and in both the sub- and supersaturated regimes. The 15
ability of the HR-ToF-AMS to distinguish individual ions at the same nominal m/z could
potentially eliminate some of the interferences mentioned above for other nominal m/z
and yield other ions that can be used to improve the κorg calculation. If generally appli-
cable, this relationship would substantially improve our ability to describe the evolution
of hygroscopicity at subsaturated RH in a variety of atmospheric models. 20
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Table 1. Experimental conditions for SOA formed in the smog chamber.
Experiment Precursor ppb NO NO2 O3 Remarks
(ppb) (ppb) (ppb)
1 TMB 150 – 75 traditional photo-oxidation
2 TMB 86 – 43 traditional photo-oxidation
3 α-pinene 180 48 60 traditional photo-oxidation
4 α-pinene 124 31 41 traditional photo-oxidation
5* α-pinene 10 – 5 traditional photo-oxidation
6 isoprene 1200 300 300 traditional photo-oxidation
7
1 α-pinene 10 200–500 ozonolysis
8
2 α-pinene 40 110–500 ozonolysis
9
3 α-pinene 10 – – OH exposure of mixture exp 7
10
4 α-pinene 40 – – OH exposure of mixture exp 8
* Experiment 5 is a combination of two similar experiments where the AMS and HTDMA were not measuring simultaneously.
1 6 similar ozonolysis experiments
2 3 similar ozonolysis experiments
3 5 similar experiments with OH+light or dark OH
4 3 similar experiments with OH+light or dark OH
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Table 2. GF and density used in the ZSR calculation (bulk properties Topping et al., 2005a).
Substance GF at aw=0.85 Densities (kgm
−3)
NH4HSO4 1.56 1769
NH4HSO4 1.62 1720
NH4NO3 1.59 1780
H2SO4 1.88 1830
Organic – 1270
a
a The density of organic was chosen to represent oxidized organics in aged atmospheric aerosol (Cross et al., 2007).
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Table 3. Correlation parameters of Eq. (7) for the diﬀerent aerosols.
Variable a b
TMB 1.86±0.02 –0.045±0.01
α-pinene, isoprene 2.02±0.04 –0.118±0.005
Jungfraujoch/Mexico 2.2±0.4 –0.13±0.05
Chang et al. 1.1 0.024
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Fig. 1. Inﬂuence of the hygroscopicity parameter κ on the relationship between the hygroscopic
growth factor (GF) and the water activity (aw).
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Fig. 2. Uncertainty of the retrieved GForg due to AMS uncertainties. Errors calculated with
εorg±5% (εorg −5% for dashed line and εorg +5% for the ﬁlled lines) and an inorganic GF=1.56,
assuming 3 diﬀerent GForg: 1, 1.15 and 1.3. With a higher GForg or with a higher εorg, the uncer-
tainty of the calculated GForg decreases. For example, for a non hygroscopic organic (GForg=1),
the retrieved GForg is 1±0.06 at εorg=0.8 and 1±0.14 at εorg=0.4, whereas for a hygroscopic
organic (GForg=1.3) the retrieved GForg is 1.3±0.02 at εorg=0.8 and 1.3±0.04 at εorg=0.4.
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Fig. 3. Temporal evolution of the GF at aw=0.95 and the corresponding κorg value (closed
symbol) and f44 (open symbol) for SOA formed from 150ppb TMB and 75ppb NO2 (Experiment
1 from Table 1). Each data point represents a 30-min average.
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Fig. 4. Correlation analysis of the estimated κorg with fx (for m/z 30 to m/z 100) for the smog
chamber data with diﬀerent precursors. Black bars indicate that the m/z had a similar sign for
R for all precursors studied here. In contrast grey bars indicate that for one precursor R has
a diﬀerent sign compared to the other precursor for a same fragment.
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Fig. 5. Correlation coeﬃcient between κorg and each fx for the complete smog chamber data
set. Black bars indicate that the m/z had a similar sign for R for all precursors studied here. In
contrast grey bars indicate that for one precursor R has a diﬀerent sign compared to the other
precursor for the same fragment. Data with a signiﬁcance α>0.05 are not shown.
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Fig. 6. Result from the screening multiple linear regression of all smog chamber data sets, with
f44 as the ﬁrst input variable. Choosing f30 or f46 or f55 as ﬁrst input variable for the screening
regression results in the same four fx being selected by the procedure (not shown).
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Fig. 7. Relationship between f44 and κorg for ﬁeld data (Jungfraujoch and Mexico City), smog
chamber data (SOA formed from traditional photooxidation of isoprene, α-pinene and 1,3,5-
trimethylbenzene, from the ozonolysis of α-pinene and subsequent OH exposure. Data of
Raatikainen et al. (2010) are also shown. Linear regression ﬁts are shown for TMB (LTMB),
isoprene/α-pinene (Lpinene), our ﬁeld data (Lﬁeld) and Chang et al. (2009) (Lchang). Note that
Chang et al. (2009) data have been taken at sup-saturated regime whereas all the other data
shown are taken at sub-saturated regime.
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Fig. 8. The fractional contribution of m/z 44 (f44) for mono- and di-carboxylic acids versus the
ratio of the mass of carboxylic acid groups to the molecular mass of the individual acids. This
ﬁgure normalizes the mass of the acid groups to the molecular weight and compares it to f44 in
the mass spectrum for each acid. It shows a tendency for di-acids to produce more m/z 44 per
COOH group than mono-acids.
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